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ABSTRACT

This report deals with design optimization of Internal-
Expanding Rim Brakes. A computer program was developed to
calculate the actuating force, torgque, stopping time and
drum tempsrature, TIh2 drum tempsrature is calculated by the
finite difference method.

A comparison of results has been made using a simplified
equation that is in common use in engineering texts.

Numerical optimization is shown to be a convenient tool

for brake design.
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SYMBILS AND ABBREVIATIONS

Distance from pivot to the center of rotation (m).
Area of one lining shoe (a?).

width of friction material (m).

Biot modulus.

Sspecific heat (J/Kg-°C).

Thermal capacity (J3/°C).

Distance from actuating force to the hinged pin (m).

Rate of deceleration (m/sec? ).

Kinstic energy (J).

Prictional forcs (N)

Actuating force (N).

Fourier modulus.

Gravity constant (m/sec? ).

Convection heat transfer cozfficient (H/mZ&C).
Thermal conductivity (W/m-°C).

Priction moment (N-m).

Noraal moment (N-m).

Normal force (N).

Pressure betweasn lining and drum a+t any point (N/m?).
Maximum pressurs between lining and druam (N/m?).
H2at genarated (W).

Inside drum radius (m).

Wh22l radius (m) .

Thermal resistance (°cC/W).

Tine (sec.)

Thickness (m).

Temperature (°C).

Torgue (N-m).

Velocity (m/sec.).

Vvolume (m?).

Vehicle weight (¥).




B. NOTATION
Rij The thermal rssistance between node i and the
adjoining node j.

‘ T? The temperatur2 of node i at time step p.

C. GREEK LETTER SYMBOLS
] The angle between the hingei pin and an element

area on the lining.

] The angle at which the pressure between the lining
and drum is maximunm,
g u Friction coefficient.

Coll friction coefficient.
Hot friction coefficient.
o Thermal diffusivity (m2/sec.).
Pinite incremant. %
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I. INTRODUCTION

Brakes are mechanical devices for retarding the motion
of a wv=hicle or machine by means of friction. Because of the
similarity of <+heir functions, many clutches may also be
included here, assuming centrifugal forces are accounted
for.

A simplifi=d dynamic representation of a brake is shown
in rig. 1. Two mass2s with inertias, I, and I, , <cotating
at the raspective angular velocities 4, and w, (one of which
may be zero), ar2 to be brought tc the same speed by
engaging the brake,

The friction brake has three basic elements; <two
opposing friction surfaces and 2 nechanism for <forcing the
friction surfaces intd> contact. Whenever a friction brake is
engaged 5 join two asmbers having relative motion, there is
a period of slip which may last several seconds. This slip
is one of the chief mesrits of th2 friction brake; it absorbs
saocks 2aad prevents excessive torsicnal stresses on the
povwer transmission system. On th2 other hand, siip is *he
limiting factor in friction <clutch and brake performarnce;
for heat is generated in proportion to slip, torque
transmitt=2d, and periond of slip.

The £2llowing parameters ar: of interest in analyzing
the performance of these devices;

1. The actuating force.

2. The torque transmitted.
3. The temperatuyre rise.
4. The slip time.

This report deals with Intarnal-Expanding Rim Brakes.
This formulation also applies £o internal-expanding clutches
if centrifugal forcas are accounta2d for.




II. INTERNAL-EXPANDING RIM CLUTCHES AND BRAKES

A. GENERAL MACHANICAL PRINCIPALS

A brake or clutch assembly, us2s a brake shoe to which
is attach=2d4 a friction material, called lining. The lining
is riveteid or bonded to the brak2 shoe as shown in Fig. 2.
Tha brake shoe is pivoted at a fix2d point and the other end
is subjected to a force which presses the shoe in contact
with the irum. The forca between the brake and the drum is
radial as the drum crotates, If a point on the rotating drum
surface first makes contact with the shoe at the end nearest
the pivot, the shoe is termed a "trailing shoe". If it first
makes contact at the other end the shoe 1is tarmed "leading
shoe", the latter giving a highsr braking torque than the
former for a given braking force.

The friction between the 1lining and ¢the drum creates
heat which is basically the conversion of energy of motion
of the vehicle or machine to thermal energy at the friction
surfaces, namely the lining and the drum. This heat is then
dissipatei and absorbed by the drum by conduction,
convection and radiation into the atmosphere.

B. PRICTION PUNDAMENTALS AND MATERIALS

Friction mechanisas, such as brakes, are systems for
converting mechanical energy into heat. Several Dbasic
factors affect friction and wear of materials used in brake
systems. The main factors are temperature, pressure, speed,
surface roughness, 2and type of naterial. Some organic or
molded friction mwmatarials show no change in friction
characteristics with pressure, while others such as
sintered-metal materials dacrease in friction coefficient as
pressure is increased. For metallic friction materials there
is also a decrease in coefficiant of friction as speed

12
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increases. Tamperature effects upon the coefficient of
friction vary widely with the type of materials used.

In a two-shoe 1internal expanding brake <¢hare is a
tandency for the brake drum ¢to defora under hard
application. Drums become elliptical and the force to do
this is guite high and contributes to frictiom force.

A brake or clutch friction material should have the
following characteristics to a jeqree which is dependent
upon the severity of the service:

7. A high and uniform coeffici=nt of friction.

2. Th= 3ability %o withstand high temperatursas, together
vith good heat conductivity.

3. Proparties whizh are not affescted by environmental
coniitions such as moisture.

4, Good resiliency.

5. High resistance to wear, scoring and galling.

C. BRAKE DRUMS

One of the primary functions 2f a brake drum is that of
absorbing and dissipating the heat developed during the
application of the brake. A brake drum is a heat sink into
which heat goes aftar it is created by the rubbing friction
of the brake lining contact to drunm. The brake shoe and
lining permanently fixed on the axle, when actuated,
contacts the drum under pressure to cause the friction to
stop the vehicle. The wenergy of motion of a vehicle is
converted to thermal =nergy by the brake assemblies. A brake
drum must have the capacity to absorb and dissipate this
hzat energy within the limits of the brake heat input. 1If
this is not the case, the drum =2xpands and the brakes fade
or fail. The greatar the mass of the drum, the more heat it
can absorb and stors until such +*ime as <the heat can be
dissipated by convection and radiation [Ref. 1].

An ideal  brake drunm would have the following
characteristics;

13
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1. High s%ructural strength to resist bursting forces.

2. Oniform coefficient of friction.

3. Hard surface to resist scoring.

4. High heat conductivity %o rapidly conduct heat away
from braking surfaces.

5. High emissivity factor to radiate heat from the druam
surface to the ataosphera.

6. High heat storagz capacity to> store heat from
succassive brake applications until it can be
dissipated.

7. Good machinability to permit boring of the drunm.

D. STATIC AND DYNAMIZ ANALYSIS
1. Assumptions

In developing the eguations, the following
assumptions have been made;

a. The pressure at any point on the shoe is proportional
to the moment arm of this point from the pivot.

b. The 2ffec*t of centrifugal force may be neglected.

c. The shoe is assumed to be rigid.

d. The friction coefficient is a linear function of
temperature and it does not vary with pressure, wear
and 2nvironment.

2. Pressure Concapt

I'> analyze an internal shoe refer to Fig. 2, which
shows a shoe pivotai at a fixed point with the actuating
force acting at the other end of the shoe. The mechanical
arrangement does not permit pressure to be applied at the
pivot, tharefore the pressure at this point is zero. 1If the
shoe rotates through a small angle about A, ¢the radial
movement 5f any point on the arc of contact, is proportional
t> the moment arm of this point from <¢the pivot. Assuming
that +the material of the brake 1lining and support obey
Hooke'!'s 1law, the pressure at this point will also be
proportional to this mmoment arm, The distance 1is

14




proportional to sind . Therefora, the relations between
pressure at any point and the maximum pressure, pa, will be
given by the following formula;

p P,

sinf sin® (1)

From this foramula it can be seen that the frictional
material at th2 heel, contributes very little to the braking
action, therefore it 1is better <to begin the friction
material at an angls 6, greater than, say 0.15 rai., 1I* car
be seen 1lso that the pressure will be maximum when 8§ =90°
or if the *oe angle 9§, is less than 90°, then the pressure
will be wmaximum at the toe. For good parformance it is
recommended to conceatrate as much frictional wmaterial as
possible in the neighborhood of the point of maximum
pressure [Ref. 2].
3. Actuating Force and Torgjue Calculation

Prom Fig. 2, it can L2 seen that the differential
normal force on an elzment area of the lining will be;

dN = pdA (2)
where dA is an area element of thz lining and it's magnitude
is;

dA = rbdé (3)

Ia Equation 3, r is the inside drum radius and b is the drum
width. Sabstituting for p and dA gives;

pabrsine

dN = —Wea- de (4)

At the same point the differential frictional force is;
df = udN (5)
where y 1is the coefficient of friction.

15




The actuating force, F, can be calculatad using the fact
that the summation of the moments about the hinge pin is
zero. The moment dus ¢o frictional forces is;

M, =e{62(r-cos6)df (6)

where a 1is the distance from ¢the pivot to the center of

rotation. Substituting the value of dF and integrating
from 9, to g, gives;
upabrz a s 2 .2
Mf = 5353;-{(00561~cosez)+§;(51n 8;-sin%8,)} (7)

where 3 is assumed to be constant along the lining.
Similarly the monent due to normal forces is givan by;

_ B2 .

Mn -e{ asin8dN (8)
Substituting the value of dN and integrating
from ¢, to> 82 gives;

pabra
M = ———{0.5(92—91)—0.25(811’162-511’161) (9)

n sing
a

The actuating force amaust balance the moments, therefore;
Mn—Mf
d (10)

F =

where d is the distance from the hinge to the pocint of
application of P. The torgque applied to the drum by the
brake shoz is;

T, =e{62rdf (11)

After substituting the value of df and integrating ;

up,br?
To = gﬁa—(cosel-cosﬁz) (12)
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4. Rate of Heat Senerated ani Deceleration Calculation

The Jiffersntial vrate >f heat generated by an
element area of the lining is equal *o the velocity of the
inside surface of +the druam relative to the lining , times
the diffsrential frictional forze acting on the element

ar2as
dqQ = Vrdf (13)

Assuming the brake is on a vehicle wheel with a radius of R,
the inside surfacs velocity is egqual +o;

=L
Ve = R

v (14)
where Vv is the velocity of the vehicle and is a function of
time.,

If V=V (+*) then Vr=vr(t) and the heat generated will be also
a function of time. Substituting “he values of Vr and df and
integrating from 9, to 6, , Wwe get the following formula for
the heat ganerated at any time ¢,

p_ bu 2
Q(t) = —s%éz(ﬁ)(cosehcos‘ez)vu) (15)

The kinetic energy of a vehicle of weight W is given by;
= 1 W2
E = 2(g)V (16)

Note that if the brake is on a four wheel vehicle, there
will be eight shoes. Assuming all are leading shoes, each
will stop one-eight of the vehicle weight, so W/8 must be
used in BEguation (16). The rats of change in the kinetic
energy is;
%% = (%)V%% (17)

From the energy conservation law the rate of change in the
kinetic eaergy is equal to the heat gererated;

17




ey = & (18)

Substituting the valas of Q(t) aad dEs4t, it is seen that
the velocity V(t) cancels and so the deceleration is not a
function 5>f time., TIherefore the deceleration, dc, is:

p_ bu 2
=9V _ (gya_ r -
de = at (w)sinea(R)(c0391 cosf,) (19)

The velocity at any time is;
V = V,-det (20)

where Vv, is the initial velocity. Substituting the velocity
ia Bquatisn (16), yields the rate of heat generated as a
fanction 3f time,

pabu r?
Q(t) = giﬁgz(ﬁ)(cose1—cosez)(Vi-dct) (21)

In this study the friction coefficient was taken as constant
up to a temperatur2 of 90°C and after 90°c, dacreases

linearly to zero at a specified tasmperature, Tmax;
u T < 90 °C
C —
Uc‘uh
wo= o Mo~ —3g— (T-90) 90 °C < T < Tax (22)
0 T > Tmax.

where He is the cold coefficient of friction and My is the
hot coefficient of friction.

E. SURFACE TEMPERATURE CALCULATION

Since the function of a brake is to convert kinetic
energy into heat, surface temperatures of brake linings and
drums are most important. Therefors it is necessary to know
*he temperatures of ths mechanism during and after any stop.
The temperatures wer2 calculated by the finite difference
mathod.




1. Assumptions

a. One dimensional heat flow-The heat fiow is from the
inner surface to the outer surface of the drum.
b. Constant heat transfer coefficient.
Cc. No heat dissipated by radiation.
d. The heat is generated on the inner surface.
2. Temperature Analysis

a. Theory
The differential equation to be solved in order
to find the temperature in the drum, based on the
assamptions, is:

2
s T +2= (%)%% (23)
with the following boundary conditions:

at x=0 heat is generated,

at x=tk heat 1is transfer2d +to the atmosphere by

convection.
In the equation abova kx is the ¢thermal conductivity, o 1is
the thermal diffusivity, t is time and ¢tk 1is the drum
thicknsss. This 2juation can be solved by the finite
differenca method  Ref. 31]. The finite difference model
used here is shown in Pig. 3. The rate of change with tinme

9f the internal energy of a node i is approximated by;
oP*+1_rpP
i i

AE i

£s = 24
X OCAVo ( )

At

where o is the density, c¢ is the specific heat and v, is
the drum volume,
Now defin2 the thermal capaci<ty as

Ci = °i°1AV°i (25)

The forward difference equation for all nodes and boundary
conditions is;

19
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o TE-T% 0 17P
Qi+ Ig* = S5 (26)
th ij
where qth is the thermal resistance
Solving tbe above eguaticn for Tp 1 gives;
P
p+tl _ 4P - p
TS (Q; +ZR C Zhe(1 ZR )T (27)
th,ij 1 th,ij

The thermal resistancz can be calculated from the geometry
and boundary conditions "Ref. 31. To ensure
stability At must be equal or less than the following
nddal relationg

C.
At < (E_—%__) (28)
Rin,ij

With the assump+tions made, +he drum can be viewed as an
infinite plate, with heat generated at the surface of the
first nods, as shown in Pig. 3. It is assumed that in every
drum, th2re are two shoes and that both are leading shoes.
Therefore, two times QQ must be taken.

TI?+1 (2Qp+z_J—"_) + (1- __A_t_zﬁ__)TI; (29)

th ij 1 i "th,ij

b. Poraulation

In the computer program 5 nodes were taken. In
order *to check accuracy, the program was run with 7 and 10
nddes. Tn each casa the result was the saame within 5 ‘c.
The heat is generated in the inner drum surface. Therefore Q
appears in the formula of temperature in the first node and
f>r all the other nodes Q 1is equal zero. With the
assumptions mention2i above, the heat transfer through the
drum is solved as a heat +transfer problem through an
infinite plate, with heat generation at the inner surface
and with a heat convection boundary on the outer surface as
shown in Fig. 3. Equation (29) can be simplified using two
dimensionless parametars, Biot ani Pourier modulii,




£y

. (30)
i

hax
k

Fo _ a4t | (31)
(8x)?

The final equations for calculating <the temperatures at the

nodes now becone;
For ths first node2;

P
2Q; At
p+1 _ 1 B TP
T = —EI__ + (1-2F)T] + 2F.T, (32)

For thes interior nodes;

p+1 _ p p 1 _ p

Ti = Fo{Ti_l + Ti+1 + (Fo 2)Ti} (33)
Por th2 last node;

p+1 _ P 1 s _ p

Tn = 2F0{Tn_1+BiTw+ (2F0 Bi 1)Tn} (34)

F. BRAKE DOUTY CIYICLE

In addition to tn2 parametars mentioned above the design
of a brake depends on the inictial speed, final speed, number
of stops, and the rest time bestween each stop. In this
analysis a general duty cycle was considered so that the
initial speed, final speed ani the acceleration period
between stops can be different for each part of the design.

In th2 design examples pressnted here, a vehicle was
stopped four consecutive times with the following cycle;

Initial Final Rest

Speed Speed

m/sec. a/sec. sec.
1 25.0 0.0 20.0
2 25.0 0.0 20.0
3 25.0 0.0 20.0
4 25.0 0.0 -

"




III. OPTIMIZATION

d. INTRODUCTION

Enginesriny analysis using ths2 digital compu*ter has
become commonplace. It is less common to use the computer
t5 mak2 the actual design decisiors, such as sizing of
structural members or placement of mechanical linkages. This
may be largely at<tributed to the fact <that fully automated
design requires techaoiques that are unfamiliar to much of
the engineering community.

In many enginsering problenms, it is necessary to
d2t2rmine the wminimum or maximem of a function of several
variables, limited by wvarious linear and nonlinear
inequality constraints. It is seldom possible, in practical
applications, to solve thase problemas directly, and
iterative methods are used to obtain the numerical solution.
Machine calculation of this solution is, of course,
dasirable. The CONMIN program is available to solve a wide
variety of such oroblems [Ref. 4].

CONMIN is a FORTRAN progranm, in subroutine form, for the
minimization of a aulti-variable function subject to a set
of inequality constraints. Th2 basic op+imization algorithnm
is the Method of Feasible Directiosns [Ref, 5]. The user must
provide a main calling program and an external rou*tine %o
evaluate the objective and constraint fuanctions and to
provide gradient information. If analytic gradients of the
objective or constraint functions are not available, this
information is calculated by finite difference. While the
program is intended primarily for efficient solution of
constrainad probless, unconstrained function minimization
problems 1ay also be solvegd, and the Conjugate Direction
Mathod of FPletcher and Reeves is used for this purpose
[Ref. 6].
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¢ B. DEFINITION OF TERMS

Most lisciplines have a unique set of nomenclature used

to describe the concepts within that discipline. Some of the

Tt arhe

commonly used terms in numerical sptimization are summarized
hare,

ke WL

Ibdective- Th2 value of the <function which is to be
minimized or maximized during the optimization process.
Synonyas are cost, merit and payoff. The common mathematical
dasignation is F(X). 1In the presant study the objective was
to minimize the material in the brake dcunm.

JENY - 3 E { SRIN TR N Nkt

D2sign variablss- Th2 parameters ¢to Dbe changed

f during *he optimization process in order to minimize or
ﬁ maximize the value of the objesctive function. Synonynm;
- decision variables. The common amathematical designation is
Q the vector X. Design variables considerad in this study
include, 3irum thickness, width, the angle between the hinged
pin and the end of the 1lining, and the distance from the
pivot to the center of rotation.

P avcii

Inequality constraints- DJne-sided conditions which
must be mathematically satisfied for the design to be
acceptablsa, The common mathematical term 1is G(i)(O or
G(i))O. If the ineqality condition is satisfied on G(X), the
da2sign is acceptabla, (feasible). If it is not satisfied,
the design 1is not acceptable (infeasible). Constraints
considered here incluie, vehicle stopping time, maxiaum drum

b ok Jume. i iuinl

e —

teaperatur=2, and actuating force.
Side constraints- Upper and lower bounds on the

individual desiagn variables X . The common mathematical
representation is xi< xi< xg.

By il b

Design space- The n-diasnsional mathematical space
spanned by the vector of design variables X.
i Active constraint- Constraint Gj(i) is called active
if 4its value 1is zero (or near zero for computational

: purposes).
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Inactive constraint- Constraint Gj(i) is inactive if
G (X)<O. .
J Tiolated constraint- Constraint Gj(i) is violated if
3 (X)>0.
J

C. THE JPTIMIZATION PROCESS
The ge2neral design optimiza“ion problem can be stated
mathematizally as follows: Find the set of variables Xi,
i=1,24...2, which will
Minimize P(X ) (35)
Subject to:

Gj(X) < 0 j=1,2..... m (36)
1 u . 37
Xl < Xi < Xi i=1,2..... n (37)

Vector X <contains the set of independent design
variables Xi, i=1,2....0. X may represent, for ezample
width, thickness, and angles in the brake optimization. The
objective function used here is the drum volume.

Equation (36) defines the inzqality constraints imposed
on the design. Por =sxample, if the temperature on %the irner
drum surface must not exceed a specified value T, the
associetel design constraint becomes, in normalized form

T
-1<0 (38)

e s

The 1lower and upper bounds on +he design variables,
given by Eq. (37) , limit the region over which the functions
F(i). anl G(i) are defined. These constraints are often
referred t> as side constraints because they form the sides
or bounds of the n-dimensional spaced spanned by thes design
variables X.

If all the 4inequalities of Egns.(36) and (37) are
satisfied, the Jdesign is said to be feasible; 1if any of
these conditions are not satisfied, the design is not
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feasible., If F(f) is a mipnimum and the design is feasibla,
it is als> optimum, or at least, a rela*tive optimum. Note
that because the objsctive and constraints may be nonlinear,
there may be multiple minima in the design space that cannot
be identified using curreant methods. «While this is a matter
for concern, since it is desirad +to find the true optinmunm,
it must b2 remembered that the same mathematical conditions
exist if the design process is not automated. Howevar, using
Jptimization techniques, it is 3 simplzs matter to restart
the optimiza+tion from several initial points in the design
space and thersby improve the probability of obtaining the
tcue optinum design, a process that would be quite time-
consuming in manual dssign.

Equatisns (35)-(37) define the nonlinear constrained
optimization problem. 1If Egs. (36} and (37) are not impos=d
on th=2 dasign, tha optimization problzm is defined by
Ez.(35) alone and is therefores an unconstrained minimization
problen.

Most 215nlinear optimization algorithms a1pdate the vector
of design variables by the iterative relationship;

39 = g9-1 4, 434 (39)

where q is the iteration nuaber, vector S is the direction
of search in the design space, 2nd the scalar o is referred
t> as a adve parametar which,together with S, determines how
much the vector ¥ is changed duriag the g-th iteration. An
initial Jdesign defined by ¥ must be  suppli=d. The
optimization process then proceeds in two steps. Pirst,
the direction S, which improves the design, is found, and
sacond, %the scilar o, is determined which improves the
design as much as possible when moving in this direction.
The process is repeated until there is no further design
imorovement, 1indicating that this is the optimum attainable
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de2sign. ?o>r further details see Ra2f, 7.

D. COPES AND SUBROUTINE ANALIZ

In order to simplify the use of CONMIN and <¢o further
aid in ths design optimization process a Control Prograa For
Bagineering Synthesis, COPES, was develop=d by Vanderplaats
{Ref. 7]. COPES is the main nrogram (recall that CONMIN is
written in subroutine form). The user aust supply an
analysis subroutine with <the name ANALIZ, wvhich will
calculate the various parametars. This subroutine has three
segments; INPUT, EXECUTION, OUTPUT.

All parameters which may be d=sign variables, objective
functions or constraints are contained in a single labeled
common black called SLOBCH.

Copes Terminology

The CZOPES program currently provides six specific
capabilities;

1. Simple analysis, just as if COPES was not used.

2. Optimiza*tion~Minimization or maximization of one
calculated function with limiets imposed on other
functions,

3. Sensitivity analysis- The effect of changing one or
more design variables on one or mor2 c¢alculated
functions,

4. Two-variable function space-Analysis for all specified
combinations of two design variables.

5. Optinum sensitivity- The sam2 as sensitivity analysis
except that, at =2ach step, the design is optimized with
respect to the inda2pendent da2sign variables.

6. Approximate optimization- Optimization using
approximation techniques. Usually more efficient than
standard optimization for up to 10 design variables or
if multiple optimizations ar2 to be performed [Ref. 7]1.
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IV. DESCRIPTION OF THE COMPUTER PROGRAM

A, GENERAL PROGRAY ORGANIZATION

A functional block diagram of the program is presented
in Pig. 4. A gensral description of the subroutines
contained 4in the program is given here. Appendices A
tarough D discuss the presparation of input data, 1list the
iaportant computer program nom2nclature, and 1list the
prograam.

B. SOBROUTINES
1. Subroutine ANALIZ
Subroutine ANALIZ organizes the basic analysis used

in the optimization. It controls the reading of the initial
design 3d=scription and calculation of ¢the values of the
objective function, constraints, and all other parameters
nacassary to solve the problem. COPES/CONMIN updates the
da2sign to minimize/maximize the objective function,
iterating wuntil no further iaprovement in the objective
fanction is possible without violating one of the
constraints., COPES/CONMIN calls subroutine ANALIZ %to obtain
the function value during the optimization.
2. Subroutine INPUT
Phis subroutine reads all input data associated with

the brake analysis. Instructions for problem deck
preparatisn are given in appendix B.
3. Subroutine TEMPR
This subroutina calculatses the heat transfer
constants such as the thermal capacity of each node and the
rasistanca of each node, detesrmines the time increment in

order to insure a stabl2 solution, and calculates the rate
of heat generation. In order to calculate the temperature of
each node, it calls two subroutinzs. From subroutine BRAK it
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obtains the decel=ration needsd +o calculate the rate of
h2at genz2rated and from subroutine TEMA it obtaips the
temperature rise of each node. Then it calculates the
tamperatur2ss during tae time that the brake is not in use.
This subroutine is also capaible of calculating the
tamperatur2 rise of 3 drum wvhen a constant rate of theat
dissipation is given.

4. Sabroutine TEMA

This subroutinz calculates thz temperature of sach node.
As mentioned befor2, the heat is generated on the inner
sirfaca, and on the outer side of *he drum the heat is
dissipat2d by convection., The formulas used were developed
by the finite differences method, and are given in section
II-E-2.

5. Subroutine BRAK

This subroutine calculates ths torque, actuating force,
and th= fciction amoment of one shoe. It also calculates the
drum volume and th2 deceleratisn of the machine. The
subroutine takes into consideration a <coastant friction
coefficiant until a temperature of 90°C 4is reached and a
linear decrease in the friction coefficient for higher

temperatures, More details are given in section II-D-4.
6. Subroutine JUTPUT
This subroutine echos ¢h2 input data and prints out
the thermal and mechanical information for the brake. An
example of the output obtained from this subroutine is shown
in Table 1 and Table 2.

28
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V. TEST PROBLEM AND RESULTS

Th= computar program was <=ostad with the data specified
in rable 1. The objective function which was ainimized vas
the voluam=2 of the drua @material. Design variables vere tne
drum width, the anglz between th2 hinged pin and the end of
the lining, the ratio of the pivot to center of rotation
distance *o drum radius, and the drum thickness. The side
constraints (limits) on the design variables were;

Dasign Lower Upper
Variable Bound Bound
1. (3) Width,b 0.0 80 mm.
2. (5) Theta 2, 1.2 rad. 2.5 rad.
3. (12)Ratio,R4 0.1 0.9
4. (18)Thickness,tk 40 am. No bound

The number 3ian parentheses 1is the 1location of the
variabls in the COMMON block in the computer progran.

Constraints wer2 imposed on the actuating force F, the
miximam t2mperaturs, %nax , on the inner surface of the drum

and stopping time, ¢t.

Constrained Lowar Opper
Variable Bound Bound
1. (%) Porce,F 200.0 N-m 2500.0 ¥-n
2. (25) Time, t No bound 7.00 Sec.
3. (%) Temperaturs,T No bound 230.0°

The vehicle which weights 25700.0 VNewtons is stopped
four consecutive times from a velocity of 90.0 Km/hr to
zero, with an acceleration p2riod of 20.0 sec. betveen
stops. The values of the design wvariables and the
constraints before and after optiaization are;
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Bafore After
Jptimization Optimization
: Objective
1 Punction
4 Drum Volume 0.754 E-03 a3 0.159 E-02 n°®
8 Design
g variables
F Width 0.08 m 0.08 n
n Theta 2 2.10 Rad. 1.92 Rad.
k a/r 2.75 0.755
3 Thickness 0.010 a 0.020 =
E Constraints
j Actuating
Force 2815.1 N 2086.3 N
Stopping
time (last stop) 7.34 sec. 7.00 sec.
Temperature
after last stop 3u48.7°C 229.2°¢C

Note that the objective function increased as a result
of optimization. This is because the initial design violated
constraints on stopping time and maximum temperature.

Purthsr r2sults are 1listei in Tables 1 and Z. In
ajdition to optimizatioa, a s2nsitivity analysis of the
design variablss and a two-variable function space analysis
for width and thickness were performed. The graphical
r2sults ares given in Pigs. S5 through 17. The results can be
summerizad as follows;

a. The 2ffect of changing the inside drua radius with all
other design variables held constant;
As shown in Figs. 5-7, <for small inside drum radii the
drum temperatur2 is very high. The stopping tiae is
long and the torjue is low. Inside drum radii over 130
@m give reasonaple drum temperature and stopping tiame,
for the example considered.
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b.

Ce

As seen in Pigs. 8-10, the 2ffect of changing the drum
width with all other design variables held constant is
the same as described above.

The effect of <changing *hs drum thickness with all
othar parameters held constant is; Por a drum thickness
up to 6 mam, the stopping tiae and drum temperature are
consilerably high. Over 16 am thickness, the stopping
tims remins almost constant. For a small thickness the
torjue is very 1low due to the high temperatures. For
thicknesses over 20 nam, the torgque remains about
constant.

The 2ffect of changing the angle between the hinged pin
and the =2nd of the lining is; Por a small 6, angle the
stopoing time is very long because “he torgque is low.
The stopping tim2 becomes r=asonable when 6, >1.8 Rad.
Obvisusly there is an increas2 in the drum temperature
as 9, 1increases but the ovarall change in teamperature
is sm21ll.

From the two variadle function space, PFig. 17, it can
be s2en that thes constant volume line and the comnstant
temparature lins ar2 almost parallel, this leads to the
conclusion *hat for the c¢ycle taken, the drum is a heat
sink, and the amount of heat dissipated by convection
during this cycle is small.
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VI. TEMPERATURSE RAISE - SIMPLIFIED CALCULATION

A simplified way of finding the temperature rise of the
drum is by using ths 2quation;

Q = gCAT (40)

and setting Q egual to the amount of heat generated using
Equation (21) from section 1II-D-4¢. This equation is in
common us2 in enginz22ring texts (See, for example, Refs. 2
and 8). The temperature rise calculated this way, 1is tha
average tamperatur2 of the drum, and not the temperature on
the interface, which <c¢an be nuch higher (depending on the
rate of heat generated). Extreme temperature gradients cause
distortion and excessive surface wear. Therefore it isn't
always acceptable to use the simplified formula. Pronm
experiance, it has been £ound that the surface wear
increases dramatically as interface temperatures approach
400 to 502°F (205 ¢> 260 °c), [Ref. 8].

4 comparison of the temperatur2as calculated on the inner
drum surface, outer drum surface, and tha average drum
temperatur= calculatei, using 23guation (40), 1is given in
Fig. 18. The graph shows %the temperature rise for a vehicle
stopped from a velocity of 90 kz/hr. FProm this graph, it can
be seen that the drum temperatur2, based on equation (40),
after the vehicle stopped is about the average temperature
of the inner and outer surface temperatures.

The r2sults show that the drum will reach an uniform
tamperatur2 of about 58°C, in 15 s2c, after the vehicle has
stopped.

Calculating the t2mperature with the simplified formula,
can lead to errors in the time n2eded to stop the vehicle.
Because the temperature calculated with ¢the simplified
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formala is lower than the temperature at the friction
interface, the calculated friction coefficient is higher
than *he actual friction coefficient. Therefore the
calculateil stopping time will be shorter than the real
stopping tiame. All this is trus, provided the friction
material behaves as assumed in sa=ctiom I-D-4,

Because high temperatur= 1is detrimental <to both the
stopping ability and the wear characteristics of the brake,
it is important that the interfacz temperature be calculated
with re=assnable accuracy in design. Fig., 18 clearly shows
the temperature differences resulting from the two
approaches.

This difference in results 1is compounded when the
simplifi2d equation is used for d2sign. Table 3 presents the
design results based on the siamplified approach. This design
rapresents an appacrant material savings of 27% However,
when this optimum is analysed using the finite difference
heat transfer solution, the maximum temperature is 268.8°C
and the last stopping time is 7.54% sec. This tiame violates
the constraint by 7.7%. Perhaps more importantly, the
temperature at the interface of about 269°C would surely
12ad to premature failure. Therefore this design is clearly
too unconservative to be acceptable.
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VII. CONCLUSION

In summary, a aumerical optimization prograam is an
effective way of finding a solution to an engineering
problen, provided rzasonable care is used in formulating the

problen.

VIII. RECOMMENDATIONS FOR FUTURE INVESTIGATIONS

The study has shown the feasibility of using numerical
sptimization in the dasign of Internal-Expanding Rim Brakes
with two leading shoes. Further studies on the same design
may be pursued by eliminating soms of the restrictions. For
axaaple;

1. To 3dd heat dissipation by radiation.

2. To investigate drum temperatures for a drum with fins.

3. To take into consideration changes in the surface
pressure as a function of friction coefficient.

4. To rapeat all ths calculations for a drum in which
thers is one trailing shoe and one l=ading shoe.

5. To 214 the effact of centrifugal forces for clutches.
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APPENDIX A

LIST OF PARAMETERS

A complete listiny and description of all variables used
in the program, 1is not practical. The variables listed in
this appendix are common to szaveral subroutines of the
program and will assist <%‘he r=ader in a study of the
progranm. The Global 1location is the 1location of the
parametar in the common block called GLOBCH. This coamon
block is the mwmeans by which 1information is transfered
between the subroutines and ths COPES/CONMIN prograanm.

Global Portran Math. Definition

Location Na me Symbol
1 RY T Inside 4drum radius (m)
2 T T, Torque of one shoe (N-n)
3 WDTH b Drum width (m)

4 PRSA P Pressure between lining

and drum (N/m?)

5 TETa1 81 The angle between the
hinged pin and the (Rad.)
begining of the lining

6 TETA2 B2 The angle between the
hinged pin and the end
of the lining (Rad.)

FRMNT Mt Friction moment (N-m)
ANMRT Mn Normal moaemt (N-m)
ACPRC P Actuating force (N)

10 c a Distance from actuating

force to the hinged pin(m)
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"
12

13
14
15

16
17
18
19

20
21
22
23
24
25
26
27
28-32

33
k1
35
36
37
38
39
40

41

42

CMIU
HMI0
AMIU

SRFC
RO
THK
DX

RTIER
W

DCCE
TOT
ECEN
NWRT
TIME
yoL
TEPL (5)

NWR
NWRA
NWRQ
NEL
NS EG
2I
G
K

HCNV

SPHT

tk
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Heat generated (J/sec.)
Distance from pivot to
center of rotation (m)

Cold friction coefficient
Hot friction coefficient
riction coefficient at
any temperature

Drum surface area (am’)

Outside drum radius (a)
Drum thickness (m)

An incremental thickness
(2)

Wheel radius (m)

Car's weight (N)
Deceleration (m/sec.?)

Total time (sec.)
BEcentricity (m)

Write statement control
Time (sec.)

prum volume (m’)

Temperature at time p+1
(sec.)

Write statement control
Write statement control

Write statement control
Number of elecmen<ts

Number of segments

Constant

Gravitational constant

Thermal conductivity
(3/2-C)

Convection heat coeff.
(i/a2-c).

Specific heat (J/Xg-C)
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RO
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omde

43
44
45
46-50
51-57
58-63
64
65
66~72
73-79
80
81
82

83
84
85
86

2HO
DTAU
DFTH
TEMP
RES
TC
BIO
FOR
yve
VT
NELO
NELT

TETAA

ACOF
TINI
ZMAN
NSHU

Bi
Fo

Density (Kg./m’)

Time increment (sec.)
dax. temp. difference(’C)
Temp. at time p (sec.) é
Heat resistance (°C/J)

Heat capacity (J/°C)

Biot moduli

Fourier moduli

Control parameter

Control parameter

Number of elements+]

Number of elaments+2

The angle at which the

pressure between the

lining and drua is

maximum. (Rad.)

Constant

Initial temperature (°C)

Time increment (sec.)

Number of shoes




APPENDIX B
INSTRUCTIONS FOR PROBLEM DATA PREPARATION

Although the procadure is straight forward, preparation
of input data for the program requires attention. Errors are
easy to make and 3difficult to locate. Input data is
dzscribed here for thz brake analysis. For instructions on
data preparation for optimization see Ref. 7. Input data
should, in genesral, f51llov the steps outlined below. The use
of the standard FORTRAN Eighty Columm Coding Sheet is
recommended, Integer constants aust be right Jjustified in
the appropriate field. There are eight input cards, read by
subroutins INPUT, to describe th2 initial design, @wmaterial
properties and constants. Card format is given in
parenthesis followeid by specific instructions where
n2cessary.

1. First Card (I10) - Duty cycle inforamation.

Cols 1-10 : Total number of consecutives stops
and accalerations (NSEG)

2. Second Card (I10,3F10.0) - Duty cycle information.

a. Cols 1-10 : Control number.
1 means-3jaceleration,
2 means-brake not in use,
b. Cols 11-20 : Velocity at start of deceleration.
c. Cols 21-30 : The velocity at the end of *the
deceleration.
d. Cols 31-40 : The time the Etrake is not in use.
3. Third Card (5I10) - Taermal analysis information.
a. Cols 1-10 : Number of nodes (NEL).
b. Cols 11-2) An integer number that controls the
amount of printout when detailed

output is required during the
vehicle deceleration. The amount of
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Cols 21-30

Cols 31-40

Cols 41-50

lines written, depends on the
stopping time and time incr=ament.
(NWR) . i
An integar number that controls

the amount of printout when
detailed output of the temperatures

is required during the period that
the vehizle is not in use. The
amount of lines written depends on ]
the period length that the brakes
are not used (NWRA).

An integsr number that controls the
amount of printout when detailed
output of the temperatures are
required during the period of
constant heat generation. (NWRQ).
Number of braking shoes in the

machine.

Fourth Card (7F10.0) - Brake dimensions.

a.
b.
C.
d.

Pifth Card (7F10.0) - Thermal and friction

d.

Cols
Cols
Cols
Cols

Cols
Cols

Cols

1-10

11-290
21-30
31-40

41-590
51-60

61-70

Cols 1-10

.0

Inside drum radius (RI).

Drum width (WDTH).

Drum thickness (THK).

Ratio of distance from pivot to
center of rotation and inside
radius (RD).

Drum iensity (RHO). :
Angle betveen hinged pin and the %
begining of the lining (TETA1?). ]
Angle between hinged pin and the
end of the lining (TETA2).

information.
deat conduction coefficient (K).
(real nuamber).
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Heat convection coefficient (HCNV).
Specific heat of the drum (SPHT).
Yax, temperature difference between
cold fric+ion coefficient and hot
friction coefficient (DFTY).

Cold friction coefficient (CMIV).
dot friction coefficient (HMIV).
Initial temperature (TINI).

Sixth Card (2F10.0) - Machine information.

-

Vehicles weight (W).
Wheel radius (RTIER).

Saventh Card (5P10.0) -~ Analysis constants.

b. Cols 11-20
c. Cols 21-30
3. Cols 31-40
e. Cols 41-50
f. Cols 51-60
g. Cols 61-70
a. Cols 1-10

b. Cols 11-20
a. Cols 1-10

b. Cols 11=-2)
c. Cols 21-30
d. Cols 31-40
a., Cols 41-50

Eight Card

Cols 1-10

Maximam pressure between lining
and drum (PRSA).

Constant 3.1415927
Gravitational constant (G).
Increment of time (ZMAN).

The angls of maximua pressure
(TETAA) .

(I10.0) - Print control.

An intsg=sr number can be zero or 1.
If zero (or a blank card) - only
the final results are printed.

If 1- the temperature at time
increments are printed.
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APPENDIX D
PRUGRAM LISTING
THIS SUBROUTINE ORGAN]ZES THE BRAKE ANALYSIS
)
E
14
E
A

+EQe1) CALL INPUT
eEQel .OR.ICALC.EW.3)

R_(ICALC)

D
D= QA JX CELdI=gUL WS
NQVXQ = [ ad ad a2 ]=1® LT 43T

(S 18 (8 15 LUV

57

e b b




[ololelelolelololelelolelofololole Jolelolelvlololole]
NOM-DRO~=NATNONOPONMPINJ>DRO
MMM $ PP TP Fninnninn innin.g
ololelelolololelelelolelololelolvlolololelolalololel
=lolelelololalololeleloleololalelolelolololalelela) o)
ALLL A I LA LCLLLLCCLILLLL I L LA
Z2Z2ZTZ2Z22T2TZTZT2ZIZZZ2ZZZZ
<<<<<<§Z<<<<<<<<<<<<<<<<<<
L]

SUBROUT INE INPUT

VOV

—— A

DN e Y w2 s e Z

O I3
Qe =000Q0AadD
OEY. & eolli( 2L LD
D=0 0Q A WIQUIOWHUIW W WY
mcumge;xaccmumzxmxam

o

OZQXW »

AT Q=N

N

D

F
0GoZMAN,TETAA

D e B L=
A1) - *TxXNX
NO> Wrs & s X
Z‘L},JZ Zx<XxXaZ

TEL) o4 VTL1,d) 4d=104)
A
?
)

P - S S
O =0 Q00000
Qe NN
ol oij) o a oo oe
LVt () DOV VO SN

(=]
-

D00
DPNNO

58




N (elelolelololelnlelelololelalelolelolelelelololsloloololelololelolalolalelolololololelolo lolola)
AL NO=VRO=NMTNONDOCO N NI N O ONO = NOFN O DO ~NNFND~DTO
el e NN o RV Ve Te T o o e e et g At oL e o Lon Lo s Lo o X o Too To Yo Yo R e Yo Xo Jo Yo To 0o o lo oo o loleotoTale P
| [elelelelolelelolelalololololololelololelolelololelele/ololelelolelol-Te T PR TR PR U PR T2 PP P
! [>lelelelelelolulelololelalalaleleololalolelolrlololololelelolalolelolerlolololalelelolololofolel o)
4 L OO 8 £-¢-¢-¢ £-¢-¢-C£-2-¢- ¢ €L L& 22 .- ¢ € & &-2 & &4
i SZZZ2X22Z222222Z2T2TZ2T2T2T2L2Z222222Z2Z2XTZZ2IZIZTZIZZZ

<<<<<<<<<§§<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<

L ]

- o
: ¥ =Wty
i X =T
g Q ot =)
¥ NQ= XX
-l w=Q,
A L Ll e
>0
ol E oL
- e ZDWN

s

)
A(NELO))

SUBRUUTINE TEMPR
0
*

= 4
FTAESLED b
WEQ «Zu, -
0D &« U e

=il Q) ZZ
W dER i wre
Z2Z9TZMND We b=

T*WDTH*DX*3.14159205

RI+0.25%DX)

EL
M¥(RI+(I-1)%DX)

I1+0.25%DX)
I+(1-1)1%0DX)
ARWH(RI+{NELU~1.25)%*DX)
L
v

R

5

I

A

’
5307*WDTH
EL

T2

i
STCM# (RT+(NELO-1.25 )%DX)

TIME INTERVAL
{
1

P
x

3
N
M
2
*

posigihiia sl

(SIS 18 S18 |8

THIS SUBROUTINE CALCULATES THE TEMPERATURES
I
’
$
W
T

'-'O\ (el Z-J-J" [} uJQ:ll W

24
3WZ~&~¥¥ZZ -Z g

QZOTW »

T HOw=Q nQ " —

CUWE O Jre Qo atQ. b || O\ on e U
DEX s olldil Jodd TZRd T2
It O Q) o AU LY WU O O O v Qe
WQUER;&QZZQ#Q<<Q<Q<

Q
-t

59

HEAT RESISTANCE

IV

(=

HEAT CAPACITY

c

Q

*
=¥C
I=
=2
NUE
LO)

4
C
c
C

STABILITY-




(=lslolslalelololelolalelololalololololalololole lololalelolalololalelolelolole lo lolalolwlole Lol
NP OORO ATV ONDRO~=NNOFN OV CO~MANM FNOD PO e SN O MDD
el 1t et et vl ed e g ed NN NI N NN NN NI A O N VAN ML 3 F 8 P P nnunnninitin
o gk emad erand e ) o) g o=t wnt gt ¢t gl el el vl gmad e Pl el guend el gl gl e gl Punh el g ool g g g gl 0o gang gt vt g grend o) g v 9 g ot g
olelololeloalolololelololololalololololslalolololololalalolelololololelolololelolalrlalelolelsTo
LI LI IALA (LI CALALL AL LI LL (LI LGqLALCL L LA LI IL LA La L]
S2TZZZT2ZZ2TZ2TTZZ22TZ2Z22 22T ZZI22TFZT2TZ222Z2ZTZ2ZZ2ZZ
ACILLCLALCAACLI LA (LA LUA LI LI LA AL AL ILLL L LI LI ]LALC L] C]CC L

-
- [¥8 ]
L =
d —y
W L]
2 -
- Qe
(72 ] -
w Won
- 4 Z=
<+ - -
- -l O
(o ] W Q
- Q w
uw [ el
- 2 Q L
-—— - e
™M N - L] 4
~ w o -z
[7,] -~ X -~ -J
[T - - -t O, =
-4 ¥ S~ - ey
* N - 0 b o
- X ~ -y
N Q 4 o= il)
- #* W w Q D
(% ] > 2 [ d -9
o L - — bt
=4 NN ON =~ XD =<
~ Town - w O- O = oVwoo
~ LR 444 b = [ pad Q DO
- 0l 3¢ fw D ~— Q0 =~ e
(a2 ] .-au)sw * o o o - —‘O -ng
- =g x . Z
Gy gt #* -y (LIL.] U -
Les TheZi= e 2 us S W) (D
¥ AQ-D I 2 e o oot e N OO
- Q QNMW = Lo mow»
N QL b€ oo L o v, X Wee & - D e 2T xXxOUO=
- L NLO * W Vgg = (& ] < O W Bwild~
NemQ. oD D o] a Zww - L™ | L NANO
WO < om <L p = w e ¢ - o g O & Qe st o (77 ]
Lo W wspor O b pr4 ~3 D rdemamamad  w ) ® O _ZX rmiwwO v
#* OANN YN N N - W 19Ot e DO m U et DLET  thwpw s e}
=T el o X DN  OWW «F W ~ 2V wg ¢eZ TD>W
NW# Qe Z Q -~ 2D < LdNANIVW N * O ot = U)o 0 2
-t Dw) N ¥ D <« L Urmratll) 0 i ¥ DQNLO o Z ollJW o -
QX oD e D D> O W ettt wlld I DE+TwOre 3 JD O w
OO 4 2 g Q P It oD Z R USWAMNE ¢ SN w D
NI D W * W OD>wI >Z0 QJWFOQ O BNNIED> Q 2
NN A=Y= Q T b4 D V2ZZ i ~100Q =2ZFXOZDDICIT Z ~
DI NQD QO < 0 bt D Ze o b LI ) d | b e vt Z b I
<A dws<w T O W & = W OQIIZX <> Q 2
b b U e U -— D O Clhibe~il | WOI =~ UL LOWLWULWYO X O
NNV V= "5 [ ] g U va' Qrirnt et ZDOQ 2= T et (D rgrt retet 2 (Y X QO
- 4
— Q z